Glycation, or nonenzymatic glycosylation, is a chemical reaction between reactive carbonyl-containing compounds and biomolecules containing free amino groups. Carbonyl-containing compounds include reducing sugars such as glucose or fructose, carbohydrate-derived compounds such as methylglyoxal and glyoxal, and nonsugars such as polyunsaturated fatty acids. The latter group includes molecules such as proteins, DNA, and amino lipids. Glycation-induced damage to these biomolecules has been shown to be a contributing factor in human disorders such as Alzheimer's disease, atherosclerosis, and cataracts and in diabetic complications. Glycation also affects Escherichia coli under standard laboratory conditions, leading to a decline in bacterial population density and long-term survival. Here we have shown that as E. coli aged in batch culture, the amount of carboxymethyl lysine, an advanced glycation end product, accumulated over time and that this accumulation was affected by the addition of glucose to the culture medium. The addition of excess glucose or methylglyoxal to the culture medium resulted in a dose-dependent loss of cell viability. We have also demonstrated that glyoxylase enzyme GloA plays a role in cell survival during glycation stress. In addition, we have provided evidence that carnosine, folic acid, and aminoguanidine inhibit glycation in prokaryotes. These agents may also prove to be beneficial to eukaryotes since the chemical processes of glycation are similar in these two domains of life.
One factor that may affect the long-term survival of bacterial cells in a population is the level of damage incurred by macromolecules via the nonenzymatic process of glycation, first described by Louis-Camille Maillard (16) . The Maillard reaction is responsible for the formation of several compounds identified as advanced glycation end products (AGEs) (9) . In vivo this reaction appears to play a role in the aging process, as it leads to slow degradation of molecules. The principal mechanisms of glycation-related damage involve cross-links between proteins and/or DNA, modifying or destroying their functional properties (2, 8, 38) . Most studies of glycation have been performed with eukaryotes because of its relationship to aging and disorders such as Alzheimer's disease and diabetes (6, 21, 30, 42) . However, several studies (32, 33) have shown that glycation also takes place in Escherichia coli, affecting protein and DNA of this prokaryote.
Many biochemical pathways produce reactive dicarbonyl intermediates, such as glyoxal and methylglyoxal (MG), which can further react with DNA, proteins, or other biomolecules to form AGEs (8, 36) . Reaction of glucose with amino groups of proteins and subsequent formation of reactive dicarbonyls via a series of reactions involving Schiff base and Amadori product intermediates have been well documented (40) . Methylglyoxal can be formed by spontaneous decomposition of glycolytic triose phosphates such as dihydroxyacetone phosphate (DHAP) (1) or can be produced enzymatically from DHAP by the E. coli enzyme methylglyoxal synthase (MgsA) (12) . MG synthesis usually requires an environment low in phosphate and high in DHAP, a situation that occurs most frequently under high-glucose conditions (25, 26) . If MG is not degraded, MG accumulation will lead to cell death (12) . E. coli maintains pathways for the detoxification of methylglyoxal, including glyoxalase enzymes I and II (encoded by gloA and gloB, respectively), which convert MG to S-lactoyl glutathione and then to D-lactate (12) . This system has been proposed to be the predominant MG detoxification system in E. coli (12, 29) .
Glyoxal is also a toxic dicarbonyl compound capable of damaging cells via AGE formation. One of the AGEs formed in the presence of glyoxal is carboxymethyl lysine (CML), which has been used extensively as a biomarker for aging (11, 20, 31, 39) . CML can be formed by different pathways: glucose can be oxidized to glyoxal, which can react with protein to form CML (1, 17) ; glucose can also react with protein to form fructoselysine (an Amadori product), which can undergo oxidative cleavage to form CML (1) . In this study, we investigated CML formation in E. coli growing under standard and glycationprone laboratory conditions. Since AGE formation may negatively affect cell survival and reproduction during long-term batch culture (35) , we hypothesized that CML would accumulate in these cultures as cells progress through stationary phase.
One product that may interfere with AGE formation is carnosine (␤-alanyl-L-histidine), a naturally occurring dipeptide in many organisms. Although its mechanism of action has not been fully determined, there is evidence that both the free amino group derived from the ␤-alanine and the imidazole ring of histidine compete with amino groups of proteins in the presence of reactive dicarbonyl compounds (7, 24) . In this study we designed assays to determine the effect of carnosine (and other compounds) on survival of cultures of E. coli under a variety of experimental conditions. Additionally, since strains lacking glyoxalase enzymes I and II have a reduced ability to detoxify methylglyoxal, we hypothesized that gloA and/or gloB mutants would require larger amounts of carnosine than would wild-type strains to survive in the presence of this toxic electrophile.
MATERIALS AND METHODS
Strains, media, and culture conditions. All bacterial strains used were derived from ZK126 (W3110 ⌬lacU169 tna-2), a descendant of E. coli K-12. Strains with mutations in gloA or gloB and the gloA gloB double mutant ( (10) . These strains displayed the same growth, survival, and competition phenotypes as did the parent strain under standard culture conditions (data not shown). The Cam r mutations were transduced by bacteriophage P1 into the genetically marked strain ZK1142 (Nal r ) (15, 43) . Removal of Cam r cassettes was achieved by transformation of each strain with a temperaturesensitive plasmid expressing FLP recombinase (10) . Experiments were performed at 37°C, with aeration, either in 18-by 150-mm test tubes in a TC-7 rolling drum (New Brunswick Scientific, Edison, NJ) or in 250-ml flasks on a shaking platform (250 rpm). Luria-Bertani (LB) medium was prepared according to the manufacturer's instructions (Difco), and broth was supplemented with glucose (0 to 0.8% [wt/vol]) where indicated. Carnosine, folic acid, aspirin (acetylsalicylic acid), and aminoguanidine (AG), as well as S-lactoyl glutathione and B vitamins, were obtained from Sigma-Aldrich (St. Louis, MO); grape seed extract was obtained from a local commercial wine manufacturer. The pH of the LB medium was set by adding HEPES (pH 7.0; Sigma-Aldrich) to 100 mM and monitored by removing aliquots and measuring pH on standard pH paper (EMD Chemicals, La Jolla, CA). For quantitative assays, either 5-or 50-ml cultures were inoculated 1:1,000 (vol/vol) from overnight cultures started from frozen LB-glycerol stocks, and viable counts were determined by serial dilution of cells removed periodically from the cultures, followed by plating on LB agar (28) . The limit of detection in all experiments was 1,000 CFU/ml.
Isolation of total E. coli protein. Fifty-milliliter LB cultures were grown in 250-ml flasks. Ten milliliters was removed from each flask periodically for processing, over 5 days. On days 1 and 3, cultures contained ϳ10 10 CFU/ml in all flasks; on day 5, cell densities were ϳ10 9 CFU/ml in the cultures containing only LB medium and ϳ10
6 CFU/ml in the LB/glucose medium. Cells were pelleted by centrifugation at 4,800 rpm for 15 min, followed by resuspension of cells in 10 mM Tris-HCl (pH 7.5) and 0.15 M NaCl. Cells were then sonicated, on ice, twice at maximum setting at 1-min intervals (Biosonik III probe; Bronwill Scientific) followed by enzymatic digestion with DNase I (50 g/ml), RNase A (50 g/ml), and lysozyme (20 g/ml) at 37°C for 1 h. Protein levels in the lysate, containing cellular debris, were quantified using the Quick Start Bradford dye reagent, following the manufacturer's instructions (Bio-Rad).
ELISA. One hundred microliters of purified protein at concentrations ranging from 0.5 to 1.0 mg/ml was loaded into and incubated overnight in standard polystyrene 96-well plates (Corning, Inc.) at 4°C. The next day, wells were washed twice with phosphate-buffered saline (PBS)-Tween 20 (0.05%), blocked with 200 l of blocking solution (PBS plus 5% bovine serum albumin; 1 h, 37°C), washed again three times in PBS-Tween 20, and incubated (1 h, 37°C) with 100 l of horseradish peroxidase (HRP)-conjugated anti-CML antibody obtained from Cosmobio, Japan (diluted 1:1,000 in PBS- Tween 20) . After an additional wash (PBS-Tween 20) to remove excess antibody, 200 l of ortho-phenylenediamine-HCl (OPD) color reagent (Sigma-Aldrich) was added for 30 min (in the dark at room temperature) and plates were read in a Bio-Rad enzyme-linked immunosorbent assay (ELISA) plate reader at 450 nm, as specified by the manufacturer (Sigma-Aldrich). Three separate 100-ml cultures were assayed in quadruplicate on ELISA plates, for a total of 12 measurements for each sample type.
Antiglycation activity assays. In order to identify potential toxic effects of antiglycation agents, initial tests were performed using LB cultures supplemented with potential protective agents but without "stressor" compounds that induce glycation (e.g., glucose or methylglyoxal). A maximum nontoxic concentration was determined for each potential protective compound (see Table 2 ) as follows: cells were inoculated at ϳ10 6 CFU/ml in fresh LB medium containing various concentrations of the potential protective agent up to the maximum achievable solubility in LB medium. After ϳ1 day of incubation, viable counts were determined. The maximum concentration of potential protective agent that did not affect cell viability was determined. This maximum concentration was then tested for protective ability against lethal concentrations of stressor compounds (determined to inhibit growth at ϳ1 day after inoculation at ϳ10 6 CFU/ml). If any effect was observed, the concentration of protective agent was then reduced to determine the lowest effective concentration that yielded protection against the stressor compound(s).
RESULTS
Glucose and fructose toxicity. When buffered standard LB medium was supplemented with different concentrations of glucose, E. coli populations displayed different survival patterns depending on the amount of glucose added. In LB medium, E. coli tolerated glucose at concentrations up to 0.2% (wt/vol). At a concentration of 0.4%, final cell yields were reduced to 1% of untreated cultures; amounts at or above 0.6% glucose were lethal within 1 week of initial inoculation (Fig. 1) . Similar results were observed with high concentrations of fructose, as cells lost viability after 5 days of treatment in the presence of 0.6% fructose (data not shown) but survived at high density at 0.2%. In all experiments, the pH of the medium did not appreciably change (data not shown). CML detection. We investigated CML formation in E. coli growing under standard and glycation-prone laboratory conditions, in the presence or absence of additional glucose, respectively. An antibody specific for carboxymethyl lysine was used to determine the level of CML. As shown in Fig. 2 , the amount of CML detected by ELISA increased significantly over time in cultures containing only LB medium, evidence that cells in batch culture are most likely subject to glycation-induced damage under standard laboratory conditions. CML formation in a mock-treated culture without cells was negligible (Fig. 2) , indicating that glycation products do not form spontaneously in the medium in the absence of cellular activity. After 3 days of incubation, the level of CML increased at least 4-fold in cultures supplemented with 0.4% glucose over the level in those containing LB medium alone, and after day 5, levels doubled again (Fig. 2) .
Protection against glucose toxicity by carnosine. Cells were inoculated in LB medium with lethal concentrations of glucose (0.6%) and various concentrations of carnosine (Fig. 3) . As shown in Fig. 3A , carnosine displayed protective ability at concentrations of 20 mM or higher (concentrations below 20 mM did not prevent a decrease in viability over 1 week of incubation). When carnosine was added at different times after inoculation of glucose-containing medium, carnosine was protective if added within 3 days of the initial inoculation; addition on day 4 or 5 had no protective effect (Fig. 3B ). An anti-CML antibody was used to detect the level of CML in cells growing in the presence or absence of glucose and/or carnosine. As shown in Fig. 4 , after 3 days of incubation the level of CML increased approximately 3-fold in cultures supplemented with glucose over the level in those containing LB medium alone. When carnosine was added to cultures at the start of the experiment, however, CML levels did not increase relative to LB cultures and were, in fact, slightly below baseline values (Fig. 4) .
Carnosine protection against methylglyoxal toxicity. To investigate if carnosine can suppress MG-mediated toxicity in E. coli, cells were incubated in LB medium supplemented with MG and/or carnosine and cell survival was determined (Fig. 5) . As shown in Fig. 5A , bacteria were able to grow to maximum density (10 9 CFU/ml) in cultures where at least 10 mM carnosine was added to the medium during outgrowth. However, in assays involving glyoxalase mutants with a decreased capacity to detoxify methylglyoxal (29), higher concentrations of carnosine were needed to protect gloA mutant strains or the gloA gloB double mutant than were needed to protect wild-type cells (Fig. 5B ) (see Discussion).
Other potential protective agents. Other compounds with reported antiglycating ability were investigated by using assays similar to those developed here to study carnosine. The results of these assays are summarized in Table 2 . Specifically, we found that both folic acid and aminoguanidine each displayed some protective capacity against glucose and/or MG-related toxicity. Other compounds tested that did not show protection in these assays included green tea extract, S-lactoyl glutathione, and B vitamins B 1 , B 6 , and B 12 .
DISCUSSION
Taken together, the data suggest that bacteria suffer damage from glycation in a manner similar to that of eukaryotic cells. As shown here, some amount of glycation was detectable in cells growing under standard laboratory conditions in batch culture (Fig. 2) , most likely due to the action of reactive electrophiles that are generated as part of normal metabolism. When the culture was supplemented with glucose, the amount of glycation increased significantly (Fig. 2) . Although E. coli has evolved various protective mechanisms against toxic electrophiles (12), we speculate that glycation may nevertheless contribute to cell death and negatively affect the long-term survival of these and other bacterial populations during longterm stationary phase (14) .
Carnosine is a naturally occurring dipeptide with the ability to act as an antioxidant and/or antiglycation agent in cells (19) . Synthesized endogenously by carnosine-anserine synthetase in many eukaryotes, it is found in long-lived mammalian tissues (such as neurons and muscle tissue) at concentrations up to 20 mM (37, 41) . It has been shown that protein cross-links induced in vitro by methyglyoxal are eliminated in the presence of carnosine (24) . Carnosine may react directly with MG and sequester it; its amino group and imidazole ring may bind to reactive dicarbonyl groups (3, 7, 24) , although the structure of MG-carnosine adducts has yet to be determined (37) . Alternatively, Hipkiss and Brownson (22, 23) have proposed that proteins may become "carnosinylated" at carbonyl groups and that this may protect them from degradation and/or crosslinking. Our findings provide further evidence for carnosine's ability to suppress the formation of AGEs in vivo (Fig. 4) . Carnosine protected cells from lethal concentrations of glucose (Fig. 3A) and methylglyoxal (Fig. 5A) . Furthermore, it protected E. coli even when added after 3 days of exposure to toxic concentrations of glucose (Fig. 3B) , and more carnosine was needed to protect gloA mutants, which are less capable of degrading intracellular methylglyoxal, than to protect wild-type cells (Fig. 5B) . The slight increase in sensitivity of gloB single mutants was likely due to the fact that the functional gloA gene product can remove MG, resulting in accumulation of a less (29) . A proposed model of protection against AGE formation is shown in Fig. 6 . Other chemical agents with possible antiglycating ability were investigated using our bacterial model system. Folic acid (folate/vitamin B 9 ) protected E. coli from toxic concentrations of both glucose and methylglyoxal (Table 2) . Although the exact mechanism of action for this effect has not been determined, it has been shown that folate can modulate cellular glutathione levels, which may act as a defense against oxidant and alkylating agent damage, since glutathione is an essential component of the glyoxylase I/II system(s) used to detoxify methylglyoxal (13) . In one study, rats fed a high-folate diet were found to have greater hepatic glutathione concentrations than were those on standard or folate-deficient diets (5). Other investigators found that methylglyoxal-resistant E. coli mutants have increased activity in their glutathione-forming enzyme system (34) . Therefore, we postulate that the protective ability of folate under glycation-prone conditions may be due to its influence on glutathione. Further studies using glyoxylase mutants should help to clarify the role(s) of folate and/or glutathione in protection against glycating agents.
Aminoguanidine (AG) has previously been shown to reduce the severity of AGE-influenced pathologies in mammalian systems (27) , probably by reaction with glycation intermediates and/or toxic dicarbonyl compounds via its free amino groups (4) . We demonstrated that AG can also display protective effects in a bacterial system, allowing E. coli to survive when grown in medium containing lethal concentrations of glucose or methylglyoxal (Table 2 ). It may be useful to determine if AG acts synergistically with carnosine or any of the other antiglycation agents previously discussed.
We have developed a novel prokaryotic model system to study the effects of compounds that may protect against glycation. This study focused on carnosine, an agent that may be one of several compounds that Gallant and colleagues (18) refer to as "geroprotectors," substances that can prevent some of the deterioration associated with the aging process. Additionally, folate and aminoguanidine displayed protective effects in the presence of agents known to induce glycation (Table 2) . Other chemicals, such as grape seed extract and aspirin, may also have protective benefits (E. D. Pepper and S. E. Finkel, unpublished observation). Further studies using this bioassay may shed light on the biological relevance of these compounds in long-term survival of bacteria and clinically relevant eukaryotic systems. 
